1. Introduction {#sec1-pathogens-08-00265}
===============

Influenza virus infection is a major cause of morbidity and mortality around the world, with over 3 million individuals developing severe disease and resulting in hundreds of thousands of deaths per year \[[@B1-pathogens-08-00265]\]. Some of the most vulnerable populations include pregnant women and young children, making these groups a high priority target for vaccination. Individuals who are less than 21 years old are considered to be in the pediatric group and subsets include neonates (0 to 28 days), infants (29 days to 2 years), children (2 years to less than 12 years), and adolescents (12 years to 21 years) \[[@B2-pathogens-08-00265]\]. For individuals who are less than 5 years of age, pediatric influenza-associated infections are estimated at 90 million cases per year, with 1 million cases of influenza-associated severe acute lower respiratory tract infection and 28,000--111,500 deaths, the majority of which occur in developing countries \[[@B3-pathogens-08-00265]\]. Children less than a year of age are particularly susceptible to infection as they have little pre-existing immunity and may be too young to be vaccinated, relying upon transferred maternal immunity to protect against infection \[[@B4-pathogens-08-00265],[@B5-pathogens-08-00265],[@B6-pathogens-08-00265],[@B7-pathogens-08-00265]\].

Several studies report that in fatal cases of influenza virus infection, increased inflammation, and virus are found in the alveoli \[[@B8-pathogens-08-00265],[@B9-pathogens-08-00265],[@B10-pathogens-08-00265],[@B11-pathogens-08-00265],[@B12-pathogens-08-00265],[@B13-pathogens-08-00265]\]. Disruption of the alveolar region due to viral infection and increased inflammation can contribute to the development of acute respiratory distress syndrome (ARDS), which is a major health concern for children and pregnant women \[[@B14-pathogens-08-00265],[@B15-pathogens-08-00265],[@B16-pathogens-08-00265],[@B17-pathogens-08-00265]\]. Vaccination can help prevent infection, which will, in turn, prevent acute lower respiratory tract infections and ARDS. Vaccines are either in the form of Inactivated Influenza Vaccine (IIV) or Live Attenuated Influenza Virus (LAIV) \[[@B18-pathogens-08-00265]\]. Current influenza vaccines target predominately the variable region of the hemagglutinin protein. This can allow for viruses to escape the immune system via mutation, leading to vaccine mismatch and increased viral spread \[[@B19-pathogens-08-00265],[@B20-pathogens-08-00265],[@B21-pathogens-08-00265],[@B22-pathogens-08-00265],[@B23-pathogens-08-00265],[@B24-pathogens-08-00265],[@B25-pathogens-08-00265],[@B26-pathogens-08-00265],[@B27-pathogens-08-00265]\]. Scientists are continuing work to develop a universal influenza vaccine that targets a less variable region of the influenza virus and is thus protective against a greater breadth of viral strains but, while substantial progress has been made, challenges remain \[[@B28-pathogens-08-00265],[@B29-pathogens-08-00265],[@B30-pathogens-08-00265]\]. This review will discuss our current understanding of the immune response to influenza vaccination, with a focus on the benefits of vaccinating pregnant women and children against influenza virus.

2. Body {#sec2-pathogens-08-00265}
=======

2.1. Background {#sec2dot1-pathogens-08-00265}
---------------

Influenza virus is a single stranded, negative sense Orthomyxoviridae RNA virus with a genome that contains 8 genomic segments \[[@B31-pathogens-08-00265]\]. Influenza A and B viruses include the hemagglutinin (HA), neuraminidase (NA), nucleoprotein (NP), matrix protein 1 (M1), matrix protein 2 (M2/BM2), nonstructural protein 1 (NS1), nonstructural protein 2 (NS2) and the RNA polymerase complex (PA, PB1 and PB2), as illustrated in [Figure 1](#pathogens-08-00265-f001){ref-type="fig"}. The strain of influenza A virus is defined by the combination of HA and NA proteins, of which there are 18 and 11 distinct subtypes identified, respectively \[[@B31-pathogens-08-00265]\]. HA subtypes are classified as group 1 (H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18) or group 2 (H3, H4 H7, H10, H14 and H15) \[[@B28-pathogens-08-00265]\]. While influenza A virus remains the major focus of public health officials, the pathogenic potential risk of influenza B virus infections must not be ignored \[[@B32-pathogens-08-00265],[@B33-pathogens-08-00265]\]. In fact, several studies implicate influenza B viral infection as a substantial health concern in the young pediatric population \[[@B34-pathogens-08-00265],[@B35-pathogens-08-00265],[@B36-pathogens-08-00265]\]. Both molecular and host determinants, such as increased viral replication, host cell death, host antiviral gene response, degree of pre-existing immunity, and transmissibility, can contribute to the pathogenicity of influenza virus \[[@B37-pathogens-08-00265]\].

Given the relatively error-prone nature of the influenza virus RNA polymerases, mutations are often introduced which can result in viral escape from host immunity through the process of antigenic drift. Such mutations often are selected for in HA as they can lead to an escape from viral neutralization \[[@B19-pathogens-08-00265],[@B20-pathogens-08-00265],[@B21-pathogens-08-00265],[@B22-pathogens-08-00265],[@B23-pathogens-08-00265]\]. However, antigenic drift can also be seen in other viral proteins \[[@B24-pathogens-08-00265],[@B25-pathogens-08-00265],[@B27-pathogens-08-00265],[@B38-pathogens-08-00265]\]. Alternatively, antigenic shift can occur when viral gene segment recombination results in formation of a novel virus against which there is little pre-existing host immunity \[[@B39-pathogens-08-00265],[@B40-pathogens-08-00265]\]. As the general population is often relatively immunologically naïve to a shifted viral strain, such a virus may be able to spread rapidly across the globe potentially causing an influenza pandemic \[[@B41-pathogens-08-00265],[@B42-pathogens-08-00265],[@B43-pathogens-08-00265],[@B44-pathogens-08-00265]\]. Given that animals, such as birds and pigs, are reservoirs for influenza virus, viral surveillance is an important way to monitor for dangerous viral reassortment \[[@B31-pathogens-08-00265]\]. Approaches to monitor influenza virus in animals have been developed, such as the One Health program, in order to better understand how virus can spread to humans thereby affecting public health \[[@B45-pathogens-08-00265],[@B46-pathogens-08-00265]\]. Containing the spread of influenza virus through vaccination efforts, especially in low- and middle-income countries, is a key way to help protect public health of the population, but in particular children and pregnant women.

2.2. The Host Immune Response to Influenza Virus Infection {#sec2dot2-pathogens-08-00265}
----------------------------------------------------------

The host response to influenza virus can limit viral infection within the lung, thereby protecting host health. However, failure to appropriately regulate this response can lead to damage of lung alveoli due to excessive inflammation or cytolysis of lung cells due to viral infection. The result is impaired gas exchange, which is a major morbidity associated with influenza virus infection. [Figure 2](#pathogens-08-00265-f002){ref-type="fig"} summarizes factors that are responsible for protecting the host against infection with influenza virus. These include epithelial cells, cells of the innate immune system, the adaptive immune system, cytokines, chemokines, antibodies, and surfactant proteins.

Influenza virus first targets epithelial cells of the proximal respiratory system through HA binding to α2,6-linked sialylated proteins (reviewed in \[[@B21-pathogens-08-00265],[@B47-pathogens-08-00265],[@B48-pathogens-08-00265]\]). Binding and/or internalization of the virus to cells of the epithelium leads to intracellular signaling that alters ion transport, contributing to symptoms of infection \[[@B49-pathogens-08-00265]\]. Antiviral responses are initiated, including the release of antimicrobial peptides such as surfactants, mucins, LL-37 and β-defensins, which decrease viral binding to epithelial cells and promote recruitment of innate immune cells such as neutrophils \[[@B47-pathogens-08-00265],[@B50-pathogens-08-00265],[@B51-pathogens-08-00265]\]. Surfactant proteins are capable of binding to virus, which helps to limit infectivity and disease severity \[[@B52-pathogens-08-00265],[@B53-pathogens-08-00265],[@B54-pathogens-08-00265],[@B55-pathogens-08-00265]\]. Upon infection, respiratory epithelial cells sense virus through Toll-Like Receptors (TLRs), retinoic acid-inducible gene I (RIG-I), NOD-like receptors (NLRs), and melanoma differentiation-associated 5 (MDA-5), leading to the expression of type-I and type-III interferons (IFN), interleukin-6 (IL-6), IL-1β, IL-18, and other pro-inflammatory cytokines and chemokines \[[@B56-pathogens-08-00265],[@B57-pathogens-08-00265],[@B58-pathogens-08-00265],[@B59-pathogens-08-00265]\]. Some of these cytokines and chemokines cause immune cells to extravasate from blood vessels into the site of infection in order to combat the pathogen.

Following influenza virus infection, a classic antiviral response occurs. Among the first cells to become activated are macrophages and dendritic cells, which are critical for the initiation of the antiviral response and instruction of developing adaptive immunity \[[@B60-pathogens-08-00265],[@B61-pathogens-08-00265]\]. Many subtypes of dendritic cells are present, some of which are capable of presenting antigen to both CD4+ and CD8+ T cells \[[@B62-pathogens-08-00265]\]. Delivery of antigen to draining lymph nodes via lymphatic vessels is an important step in activating T cells \[[@B63-pathogens-08-00265],[@B64-pathogens-08-00265]\]. Dendritic cells are targeted by influenza virus infection, which can impair the development of the adaptive immune response \[[@B65-pathogens-08-00265]\]. Once activated, CD8+ T cells will kill virally infected cells, with an important role for lung tissue-resident memory CD8 T cells (T~rm~) in generating rapid antiviral responses upon host reinfection \[[@B66-pathogens-08-00265],[@B67-pathogens-08-00265]\]. CD4+ T cells also contribute a multiplicity of functions to anti-influenza immunity, including promoting CD8+ T cell function (activation, expansion, positioning, and memory formation), the innate immune response, help for the B cell response, and independent cytotoxicity \[[@B68-pathogens-08-00265],[@B69-pathogens-08-00265]\]. T follicular helper cells, a specialized CD4+ T cell subset, provide cognate help for both the extrafollicular and germinal center B cell responses \[[@B70-pathogens-08-00265],[@B71-pathogens-08-00265],[@B72-pathogens-08-00265]\]. Antibody secreting cells (ASCs) then home to tissues such as the bone marrow, where they receive survival factors that allow for long term survival, imparting immunity via the high levels of antibody they secrete \[[@B73-pathogens-08-00265]\]. An alternate fate upon B cell activation is to become a memory B cell \[[@B74-pathogens-08-00265],[@B75-pathogens-08-00265],[@B76-pathogens-08-00265]\]. In the case of influenza virus, T cells and B cells recognize viral components including both the surface proteins (HA and NA) and the internal virion proteins (NP, NS1, and M1); see [Figure 1](#pathogens-08-00265-f001){ref-type="fig"} \[[@B69-pathogens-08-00265]\]. Detectable levels of class-switched antibody are found approximately two weeks following influenza infection \[[@B77-pathogens-08-00265],[@B78-pathogens-08-00265]\]. These high-affinity antibodies can then act to interfere with viral binding, viral replication, or target infected cells for killing via mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) \[[@B79-pathogens-08-00265],[@B80-pathogens-08-00265]\]. Following successful viral clearance, cells of the immune system become relatively quiescent once again, leaving a pool of memory T and B cells in addition to protective antibodies that will lead to resistance against future influenza infection \[[@B81-pathogens-08-00265],[@B82-pathogens-08-00265],[@B83-pathogens-08-00265]\].

2.3. Acute Respiratory Distress Syndrome and Lung Damage as a Consequence of Overwhelming Viral Infection {#sec2dot3-pathogens-08-00265}
---------------------------------------------------------------------------------------------------------

If the host is unable to control viral infection, respiratory morbidities can occur. One such morbidity is the development of ARDS, which is characterized by pulmonary edema, hypoxemia and a high mortality rate \[[@B15-pathogens-08-00265]\]. Infectious agents are just one of many potential causes of ARDS, with both direct influenza virus infection and the anti-influenza immune response contributing to damage of the respiratory tract and ARDS development \[[@B17-pathogens-08-00265]\]. In pregnant women and young children, ARDS is a rare but major health concern following infection with influenza virus \[[@B14-pathogens-08-00265],[@B15-pathogens-08-00265]\], with one study demonstrating influenza virus infection to be a factor contributing to a higher risk of death in pregnant women with ARDS \[[@B16-pathogens-08-00265]\].

There are many examples of how viral and host factors promote the generation of inflammation in the lung, which is a hallmark of severe influenza-like illness. One report demonstrated that the glycosylation state of HA controlled levels of proinflammatory cytokines produced by human lung epithelial cells \[[@B84-pathogens-08-00265]\]. Also, influenza viruses that were selected to infect human epithelial cells became more pathogenic by adaptation to the host, thereby increasing illness severity \[[@B85-pathogens-08-00265]\]. It is well known that viral factors, such as NS1, downregulate the production of interferons, thereby decreasing the host antiviral response \[[@B86-pathogens-08-00265]\]. While gas-exchanging alveolar type I epithelial cells can generate an antiviral response, high viral loads can overwhelm this and lead to compromised lung function \[[@B87-pathogens-08-00265],[@B88-pathogens-08-00265]\]. In some severe cases of influenza virus infection, virus and inflammation were noted in the lower respiratory tract or alveoli, with resulting cellular damage ([Figure 2](#pathogens-08-00265-f002){ref-type="fig"}) \[[@B8-pathogens-08-00265],[@B9-pathogens-08-00265],[@B11-pathogens-08-00265],[@B12-pathogens-08-00265],[@B13-pathogens-08-00265],[@B89-pathogens-08-00265]\]. Additionally, neutrophils have been implicated in the pathophysiology of alveolar damage following infection with influenza virus \[[@B90-pathogens-08-00265]\]. IL-8/CXCL8 and GM-CSF, which are neutrophil chemotactic agents, are produced by primary human alveolar epithelial cells and may exacerbate the inflammatory process in alveoli, thus increasing the likelihood of developing ARDS \[[@B91-pathogens-08-00265]\]. TLR3-expressing CD8+ T cells were also found in areas with diffuse alveolar damage in a group of patients who died of severe influenza virus infection \[[@B92-pathogens-08-00265]\]. These findings suggest several potential interventions aimed at limiting alveolar damage through control of excessive inflammation that may help to reduce the risk of developing ARDS.

Controlling viral load and the resulting pulmonary inflammation through vaccination pre-exposure and use of therapeutics post-exposure could help to decrease lung damage and the resulting respiratory morbidity. In support of this, ferrets and mice that were administered human immunoglobulins had a reduction in viral load as compared to control animals that did not \[[@B93-pathogens-08-00265]\], with decreased weight loss, decreased mortality, and protection against challenge with H1N1 virus \[[@B94-pathogens-08-00265]\]. Similarly, data suggested that a high viral load and a strong cytokine response contributed to mortality in humans infected with H5N1 influenza virus \[[@B95-pathogens-08-00265]\]. One recent study demonstrated that children between one and five years of age had higher viral loads compared to older children, perhaps contributing to their increased susceptibility to influenza virus infection \[[@B96-pathogens-08-00265]\]. While these results seem to indicate that decreasing viral load would lead to improved outcomes, a recent phase III clinical trial demonstrated that transfer of sera containing high levels of anti-influenza antibody into patients with severe influenza virus infection did not lead to detectable benefit \[[@B97-pathogens-08-00265]\]. However, administration of some anti-influenza virus antibodies have been shown to reduce viral loads in humans \[[@B98-pathogens-08-00265]\]. Additional work will be required to determine whether antibody treatments will help to reduce influenza virus load and decrease disease severity.

Following clearance of the infection, lung repair occurs via a complicated interplay between the immune system and epithelium \[[@B99-pathogens-08-00265],[@B100-pathogens-08-00265],[@B101-pathogens-08-00265],[@B102-pathogens-08-00265]\]. Ineffective repair of alveoli following infection has also been implicated in the development of ARDS \[[@B15-pathogens-08-00265]\]. Thus, the interaction between the lung and immune system is the key not only to anti-viral responses, but also for post-infection healing. Unfortunately, basic information regarding the interaction of cells found in human lung is lacking in the field of lung biology. Work from our group is attempting to unravel the crosstalk between epithelial cells and immune cells in the developing human lung \[[@B103-pathogens-08-00265],[@B104-pathogens-08-00265],[@B105-pathogens-08-00265]\]. Such information and the experimental models that have been developed will be useful in future studies aimed at identifying treatments to prevent ARDS or encourage lung healing.

2.4. The Pediatric Immune System is Different than that of the Adult {#sec2dot4-pathogens-08-00265}
--------------------------------------------------------------------

Differences in immunologic function between young children and adults likely contribute to the increased susceptibility of children to influenza virus infection. The immune system of young children is characterized by a higher frequency of naïve antigen-specific cells \[[@B106-pathogens-08-00265],[@B107-pathogens-08-00265]\]. This population also tends to have an overall higher number of circulating T and B cells that decreases drastically by six years of age \[[@B108-pathogens-08-00265]\]. An increase in regulatory T and B cells is also noted in neonatal blood samples \[[@B109-pathogens-08-00265],[@B110-pathogens-08-00265],[@B111-pathogens-08-00265],[@B112-pathogens-08-00265],[@B113-pathogens-08-00265]\]. Despite the increase in the frequency of regulatory T cells in neonatal blood, the functional ability of neonatal regulatory T cells to suppress dendritic cell function and to blunt the immune reaction is diminished relative to adults \[[@B114-pathogens-08-00265]\]. Additionally, cells of the pediatric innate immune system, including monocytes and dendritic cells, tend to be less stimulatory (e.g., increased IL-10 and decreased IL-12, IL-1β, and IFN-α) when challenged with TLR agonists versus adults \[[@B115-pathogens-08-00265],[@B116-pathogens-08-00265]\]. This leads to decreased antigen presentation and T cell co-stimulation capacity. Neutrophil function, such as the generation of reactive oxygen species and neutrophil extracellular traps, is also reduced in neonates relative to adults \[[@B117-pathogens-08-00265]\]. These characteristics of the pediatric immune system may contribute to the increased morbidity of children upon infection with influenza virus and the need for children to receive two doses of IIV vaccine. Efforts are underway to produce adjuvanted vaccines to help prime a more robust immune response (see below).

2.5. Alterations in the Immune System and Epithelial Barrier of the Preterm Infants Versus Term Infants {#sec2dot5-pathogens-08-00265}
-------------------------------------------------------------------------------------------------------

Infants born preterm (\<37 weeks gestational age) face a variety of long-term health morbidities. While the threat of developing sepsis is a major concern for all neonates, the concern is even greater for preterm infants \[[@B118-pathogens-08-00265]\]. Hyporesponsiveness of monocytes to stimulation and decreased TNF-α responsiveness in non-classical monocyte activation have also been noted in preterm infants, especially prior to 30 weeks gestational age, and may contribute to sepsis risk \[[@B119-pathogens-08-00265],[@B120-pathogens-08-00265]\]. Infections that are known to cause sepsis compromise the epithelial barrier of the lung and gut, leading to decreased expression of several TLRs and easier access of infectious agents to the underlying tissue, facilitating development of infections \[[@B121-pathogens-08-00265]\]. Furthermore, antimicrobial factors such as LL-37 are lower in preterm cord blood versus full term controls, which could be reflective of impaired antimicrobial potential in preterm infants \[[@B118-pathogens-08-00265]\]. Work involving our group has shown that preterm B cell responses to the influenza virus vaccine actually generate a higher peak level of influenza virus-specific antibody versus term controls, with levels equalizing by 9 months after vaccination \[[@B122-pathogens-08-00265],[@B123-pathogens-08-00265]\]. We have also reported that CD4+ T cells found in cord blood from preterm infants who are exposed to inflammatory stimuli *in utero* are more likely to produce proinflammatory cytokines, including IL-6 \[[@B124-pathogens-08-00265]\]. These studies are just some examples of studies found in the literature that illustrate how the immune system of preterm infants is different from term infants.

An additional complication of preterm birth is abnormal lung development. Bronchopulmonary dysplasia (BPD) is a chronic lung disease characterized by inflammation and arrest of alveolar development that affects 30--60% of infants born preterm \[[@B125-pathogens-08-00265],[@B126-pathogens-08-00265],[@B127-pathogens-08-00265],[@B128-pathogens-08-00265]\]. Studies suggest that part of the oxidative and mechanical damage is the result of respiratory ventilation \[[@B129-pathogens-08-00265]\]. One paper suggests that BPD could predispose infants to developing pediatric ARDS \[[@B130-pathogens-08-00265]\]. Of note, a recent study from Australia reports that children with BPD have an increased incidence ratio of being hospitalized due to influenza-related illness (9.0 ratio for children 0--10 years old and 41.6 for the 0--2 year old age range) \[[@B131-pathogens-08-00265]\]. Additionally, the length of hospital stay for children with BPD was 7 days longer than for children with cystic fibrosis or other chronic lung diseases. Thus, children who are born preterm and develop BPD are at particularly high risk for developing severe influenza illness.

2.6. Vaccination Strategies for Protecting Public Health Vary Across the World {#sec2dot6-pathogens-08-00265}
------------------------------------------------------------------------------

Influenza vaccine is administered primarily through intramuscular injection (inactivated subunit or split virus) or spraying intranasally (live attenuated influenza virus). Typically, vaccines contain three or four strains of virus (trivalent or quadrivalent respectively), including two influenza A strains (H1 and H3), and one or two influenza B strains \[[@B18-pathogens-08-00265]\]. A vaccine is considered to confer protection if post-vaccination serum can inhibit influenza mediated hemagglutination *in vitro* at a one to forty or greater dilution, although higher HAI titers may be necessary to achieve similar levels of protection in children \[[@B132-pathogens-08-00265]\]. Ultimately, the goal of vaccination is to reduce the rate or severity of infection. This can occur by antibodies that interfere with viral binding to target cells (e.g., neutralization) or by inhibiting the "life-cycle" of the virus (e.g., by preventing viral release from infected cells). Antibody-dependent cellular cytotoxicity is another mechanism for killing virally infected cells, which illustrates another important function that antibodies have \[[@B79-pathogens-08-00265],[@B80-pathogens-08-00265]\]. In addition to antibodies, a recall response of memory CD4+ and CD8+ T cells allows for protection against influenza virus infection \[[@B133-pathogens-08-00265],[@B134-pathogens-08-00265]\].

Recommendations for vaccinating children and pregnant women vary around the world. In the United States and Canada, it is recommended that all infants and children greater than 6 months of age be vaccinated using IIV, with administration of LAIV only in children greater than 24 months of age due to a reported increased risk of post-LAIV wheezing in infants \[[@B135-pathogens-08-00265],[@B136-pathogens-08-00265]\]. As children may be relatively immunologically naïve to influenza virus, those younger than 9 years of age initially receive a priming dose of vaccine followed by a booster vaccine dose at least 28 days later \[[@B136-pathogens-08-00265]\]. In addition, IIV administration is recommended for women who are or will be pregnant during the influenza season \[[@B137-pathogens-08-00265]\]. Although the immune system of preterm infants is relatively immature, immunizations are typically given at the same chronological age as in term infants \[[@B138-pathogens-08-00265],[@B139-pathogens-08-00265]\].

Despite broad recommendations for influenza vaccination in some countries, the World Health Organization (WHO) reported that in 2014, only 59% of member countries had vaccination programs in place \[[@B140-pathogens-08-00265]\]. Given that 41% of countries did not have vaccination programs in place, the chances for the spread of influenza virus is quite high. Viral reassortment can occur in birds and pigs, which has contributed to the generation of novel pandemic influenza virus strains \[[@B141-pathogens-08-00265],[@B142-pathogens-08-00265]\]. By decreasing the number of people infected via routine vaccination, there is likely to be a decreased chance for coinfection of birds and pigs with human and animal influenza virus, thus decreasing the chances of reassortment mutants that could become pandemic. Furthermore, if a country has a vaccination plan in place, rapid administration of vaccines in the case of a pandemic would be possible \[[@B143-pathogens-08-00265]\]. Amongst members of the European Union there is great variability in influenza vaccination requirements \[[@B144-pathogens-08-00265]\], with a set goal of a 75% vaccination rate in the high-risk population, but actual vaccination rates that are much lower \[[@B145-pathogens-08-00265]\]. Countries with low- to middle-income typically have low vaccination rates against influenza virus \[[@B146-pathogens-08-00265]\]. Individuals living in these countries face a higher disease burden than individuals from higher-income countries \[[@B147-pathogens-08-00265]\]. In countries that do have influenza immunization programs, fewer than half recommended vaccinating pregnant women and less than a third recommended routine vaccination of children \[[@B140-pathogens-08-00265]\]. Regardless of recommendations, influenza vaccination rates remain suboptimal and demonstrate substantial variability by age, location, and season. In the US, the goal is to vaccinate 70% of the population, but only around 40% of adults were vaccinated each year between 2010 and 2016 \[[@B148-pathogens-08-00265]\]. Similarly, one Canadian study reported that, on average, only 29% of respondents had been vaccinated in a given year between the 2006 and 2013 influenza seasons \[[@B149-pathogens-08-00265]\]. Furthermore, one study shows that less than half of pregnant women in the United States were vaccinated over three consecutive influenza seasons \[[@B150-pathogens-08-00265]\]. Highlighting the importance of vaccination, a study of 358 laboratory-confirmed influenza-associated pediatric deaths between 2010 and 2014 reported that vaccination coverage was low (26% overall and only 31% of high-risk patients) \[[@B151-pathogens-08-00265]\]. Unfortunately, children delivered prematurely have higher health risks associated with birth during the influenza season and a higher risk for being admitted into the hospital than full-term children \[[@B131-pathogens-08-00265],[@B152-pathogens-08-00265],[@B153-pathogens-08-00265]\], yet a recent study demonstrated that late preterm infants were less likely than term infants to be appropriately vaccinated against influenza by 36 months of age \[[@B154-pathogens-08-00265]\]. These data highlight the importance of efforts to increase overall influenza vaccination rates among both pregnant women and children.

2.7. A Key Role for Maternal Vaccination in Protecting Young Infants Against Influenza {#sec2dot7-pathogens-08-00265}
--------------------------------------------------------------------------------------

The World Health Organization has identified pregnant women as a priority group for receiving influenza vaccines \[[@B155-pathogens-08-00265]\]. Pregnant women are particularly susceptible to developing severe influenza illness and have an increased risk for hospital admission, although the mortality rate compared to non-pregnant women may not be increased \[[@B156-pathogens-08-00265],[@B157-pathogens-08-00265],[@B158-pathogens-08-00265]\]. Overall, it has been established that vaccinating pregnant women is safe, with no evidence demonstrating a link between immunization during pregnancy and adverse outcomes in offspring \[[@B159-pathogens-08-00265],[@B160-pathogens-08-00265],[@B161-pathogens-08-00265],[@B162-pathogens-08-00265],[@B163-pathogens-08-00265],[@B164-pathogens-08-00265],[@B165-pathogens-08-00265]\]. Infants born to mothers who were vaccinated against influenza may have a decreased rate of preterm birth, low birthweight, and stillborn birth, although establishing a causal relationship is challenging \[[@B160-pathogens-08-00265],[@B166-pathogens-08-00265],[@B167-pathogens-08-00265],[@B168-pathogens-08-00265],[@B169-pathogens-08-00265],[@B170-pathogens-08-00265],[@B171-pathogens-08-00265]\]. Infants born to mothers who were severely sick with H1N1 influenza infection have been shown to have an increased risk of preterm birth, decreased 5 min Apgar scores, and an increased risk of death \[[@B172-pathogens-08-00265],[@B173-pathogens-08-00265],[@B174-pathogens-08-00265]\]. These data support vaccinating pregnant women to help improve the health of both the mother and child.

Benefits to the fetus from maternal vaccination against influenza virus include transfer of maternal antibody through the placenta. This is critical for protecting neonates and infants less than six months of age against severe influenza virus infection requiring hospitalization, as these infants are too young to be vaccinated \[[@B7-pathogens-08-00265],[@B153-pathogens-08-00265]\]. Studies have demonstrated that some isotypes of anti-influenza antibodies cross the placenta and result in higher HAI titers in cord blood compared to placebo recipients \[[@B175-pathogens-08-00265]\], with protective antibody transported to the fetus in as little as two weeks post-vaccination \[[@B176-pathogens-08-00265]\]. Transplacental transport of antibodies requires expression of the neonatal Fc receptor expression, with IgG, especially IgG1, being effectively transported into fetal circulation \[[@B177-pathogens-08-00265],[@B178-pathogens-08-00265]\]. Importantly, decreased rates of acute lower respiratory tract infection, influenza virus infections, and influenza-related hospitalizations were reported in infants following maternal vaccination during pregnancy \[[@B179-pathogens-08-00265],[@B180-pathogens-08-00265],[@B181-pathogens-08-00265]\]. While vaccination at any point during pregnancy is recommended, children born to mothers who were vaccinated more than 4 weeks prior to delivery and during the second or third trimester had higher antibody titers against the A(H1N1) virus when compared to those who were born to mother that were vaccinated in the first trimester \[[@B182-pathogens-08-00265]\].

Another benefit of maternal vaccination is transfer of protective antibodies to children via breastmilk. This is particularly important for antibodies of the IgA isotype, which are not passed through the placenta \[[@B183-pathogens-08-00265],[@B184-pathogens-08-00265]\]. Vaccination of breastfeeding mothers with IIV resulted in significantly higher HAI titers in serum and IgG and IgA levels in breast milk as compared to vaccination using LAIV, suggesting that IIV may be the preferred vaccine for use in breastfeeding mothers \[[@B185-pathogens-08-00265]\]. Given that preterm infants have lower levels of IgG antibody transferred via the placenta, antibody transferred via breastmilk may be of particular importance to decrease influenza virus infection in the preterm population \[[@B186-pathogens-08-00265],[@B187-pathogens-08-00265]\]. Of note, milk from mothers who delivered prematurely had lower levels of total IgG and IgM but not IgA as compared to mothers who delivered at term \[[@B186-pathogens-08-00265]\]. Increasingly, preterm infants are being fed human donor breast milk, which contains significantly lower concentrations of IgM than non-donor milk, possibly due to the pasteurization process. However, administration of any antibody through donor breast milk would logically be better than receiving none at all. Several recent studies have focused on antibody transfer to the stomachs of preterm infants. Antibodies have been shown to be more stable in the gastric contents of preterm infants versus term infants \[[@B186-pathogens-08-00265]\], with influenza-virus-specific IgA antibodies being more stable in gastric contents of preterm infants regardless of whether milk is from the birth mother or from a donor \[[@B188-pathogens-08-00265]\].

In addition to antibodies, other bioactive molecules are found in breast milk, including cytokines and human milk oligosaccharides (HMOs) that have been shown to inhibit viral entry into cells \[[@B189-pathogens-08-00265],[@B190-pathogens-08-00265],[@B191-pathogens-08-00265]\]. Furthermore, cells are transferred to the infant via breastfeeding, which could play a role in shaping the neonatal and infant microbiome \[[@B192-pathogens-08-00265]\]. Of note, studies have shown that HMOs fed to mice could be transferred into circulation, had no observable adverse health effects and improved the immune response to influenza virus infection \[[@B193-pathogens-08-00265],[@B194-pathogens-08-00265],[@B195-pathogens-08-00265]\]. In adult humans, HMO ingestion was well tolerated in a two-week oral administration regiment \[[@B196-pathogens-08-00265]\]. Thus, breast milk offers a variety of factors in addition to antibodies that help to protect offspring against influenza virus infection. Taken together, the above factors contribute to improved maternal and fetal health afforded by vaccinating pregnant women against influenza virus.

2.8. Adjuvanted Influenza Vaccines {#sec2dot8-pathogens-08-00265}
----------------------------------

Due to the overall poor immunogenicity of influenza vaccines, the use of immune adjuvants is being evaluated as a strategy to increase vaccine immunogenicity. Several different adjuvants have been tested in pre-clinical models and clinical trials. These include aluminum salt (alum) based approaches, oil and water emulsions (MF59, AS03, and AF03), innate immune cell receptor agonists (e.g., TLRs and the inflammasome), and virosomes (lipid bilayer droplets) \[[@B197-pathogens-08-00265]\]. These adjuvants utilize multiple mechanisms to increase the immunogencity of influenza vaccines, including activating antigen-presenting cells (APC), increasing antigen uptake by APCs, and recruiting immune cells to the site of vaccine administration \[[@B115-pathogens-08-00265],[@B116-pathogens-08-00265]\]. Several clinical trials have been conducted in adults and children indicate that the use of AS03 as an adjuvant in influenza vaccines and increases influenza-virus-specific antibody response \[[@B198-pathogens-08-00265],[@B199-pathogens-08-00265],[@B200-pathogens-08-00265],[@B201-pathogens-08-00265],[@B202-pathogens-08-00265],[@B203-pathogens-08-00265],[@B204-pathogens-08-00265]\]. Clinical trials using MF-59 as an adjuvant also demonstrated safety and improved rates of seroconversion in preterm and term infants \[[@B205-pathogens-08-00265]\], with more robust antiviral responses, activation of dendritic cells and an increased CD4+ T cell cytokine response following administration of an adjuvanted vaccine \[[@B206-pathogens-08-00265],[@B207-pathogens-08-00265],[@B208-pathogens-08-00265]\]. MF59 has been approved for use in the United States since 2015 and its use appears to not increase adverse reaction rates \[[@B209-pathogens-08-00265]\]. Additionally, several studies have examined the use of adjuvanted H1N1 vaccines in pregnant women and have found that these vaccines were well tolerated \[[@B210-pathogens-08-00265],[@B211-pathogens-08-00265],[@B212-pathogens-08-00265]\]. Although the increased immunogenicity is strongly advantageous, there is concern for potential adverse effects, including a possible association between an AS03-adjuvanted monovalent pandemic influenza vaccine and narcolepsy \[[@B213-pathogens-08-00265],[@B214-pathogens-08-00265],[@B215-pathogens-08-00265]\]. A recent paper reports a higher rate of adverse events reported when the vaccine was administered to patients outside of the recommended age groups \[[@B209-pathogens-08-00265]\]. Reports of adverse events have likely slowed the uptake of adjuvanted influenza vaccines in vulnerable populations such as pregnant women and children.

2.9. Increasing Vaccination Rates for Influenza {#sec2dot9-pathogens-08-00265}
-----------------------------------------------

Vaccines must be considered effective at preventing disease and be regarded as safe \[[@B216-pathogens-08-00265]\]. However, adverse reactions do occur and can include fever, febrile seizures, hypersensitivity reactions, and possibly a small increase in the risk of developing Guillain-Barre syndrome \[[@B217-pathogens-08-00265],[@B218-pathogens-08-00265]\]. Several organizations, including the WHO, the European Union, the US government, and independent agencies have mechanisms in place for tracking vaccine safety \[[@B216-pathogens-08-00265],[@B219-pathogens-08-00265],[@B220-pathogens-08-00265]\]. In the United States, the Vaccine Adverse Event Reporting System passively documents post-licensure adverse events following vaccination administration \[[@B221-pathogens-08-00265]\]. In Europe, the European Medicines Agency is responsible for tracking adverse events through the EudraVigilance Program \[[@B222-pathogens-08-00265]\]. Such data are valuable, however, a deeper understanding of additional factors that could have contributed to an adverse event is necessary in order to minimize the risk of drawing an invalid conclusion associating an adverse event with vaccination. Vaccinating pregnant women is generally regarded as safe \[[@B159-pathogens-08-00265],[@B160-pathogens-08-00265],[@B161-pathogens-08-00265],[@B162-pathogens-08-00265],[@B163-pathogens-08-00265],[@B164-pathogens-08-00265],[@B165-pathogens-08-00265]\]. However, some hesitancy over influenza vaccination is present in this population and the benefit of protecting both the mother and the fetus needs to be conveyed as outweighing the risk of potential side effects \[[@B223-pathogens-08-00265],[@B224-pathogens-08-00265],[@B225-pathogens-08-00265],[@B226-pathogens-08-00265]\].

Perhaps not surprisingly, preemptive action is more cost-effective than is reactive action for a pandemic, although modeling suggests mortality rates don't differ between preemptive and reactive responses \[[@B227-pathogens-08-00265]\]. It is estimated that in order to prevent one case of influenza, five individuals would need to be vaccinated with IIV and seven with LAIV \[[@B9-pathogens-08-00265]\]. The importance of having a well-vaccinated population is at the heart of "herd immunity", where disruption of influenza transmission will lead to a less severe outbreak \[[@B228-pathogens-08-00265]\]. Herd immunity in children has been modeled, with studies suggesting that a substantial decrease in influenza infection of non-vaccinated individuals is predicted to occur, but only at very high rates of vaccine coverage (i.e., 90%) \[[@B229-pathogens-08-00265]\]. Development of more effective vaccines and increasing the rate of vaccination will bring the population closer protection from influenza virus infection \[[@B230-pathogens-08-00265]\]. Given the strong benefit of vaccinating pregnant women and children and the low vaccination rates across the globe, finding effective ways to increase these vaccination rates is critical for improving public health.

One major reason for vaccine refusal relates to the public's lack of trust in the pharmaceutical industry, medical providers, and efficacy of the influenza vaccine \[[@B231-pathogens-08-00265]\]. Some work suggests that mandatory vaccination increases negative feelings and anger regarding vaccines as compared to voluntary vaccination programs \[[@B232-pathogens-08-00265]\]. Such feelings could also lead to a stronger aversion to all vaccines \[[@B233-pathogens-08-00265]\]. A particularly influential factor that has led to mistrust of vaccine safety has been rooted in the belief that vaccination is associated with children being placed on the autism spectrum \[[@B234-pathogens-08-00265]\]. Initial studies making this claim have since been retracted, and subsequent work has not supported this association \[[@B235-pathogens-08-00265],[@B236-pathogens-08-00265]\]. Despite this fact, recent studies continue to demonstrate that younger siblings of children on the autism spectrum disorder are not fully vaccinated \[[@B237-pathogens-08-00265],[@B238-pathogens-08-00265]\]. This work illustrates the long-lasting harm caused by the initial reports linking vaccine administration to autism. Furthermore, it shows that the general public is still very much concerned with the perceived risk of administering vaccines to children despite a lack of supporting evidence. Rebuilding confidence in vaccines will require communication and trust between clinical providers and patients \[[@B239-pathogens-08-00265],[@B240-pathogens-08-00265]\].

Increasing vaccination rates in low- and middle-income countries will require additional resources to help offset the cost of development and implementation of vaccination programs \[[@B225-pathogens-08-00265]\]. It has been estimated that global supply of influenza virus vaccine is sufficient to cover pregnant women in low- and middle-income countries \[[@B241-pathogens-08-00265]\]. A recent phase 4 clinical trial demonstrated that developing a vaccination program for pregnant women is possible in Mali, a low-income country \[[@B242-pathogens-08-00265],[@B243-pathogens-08-00265]\]. While the Mali study was not sufficiently powered to detect a decrease in ILI, maternal vaccination studies conducted in Bangladesh and South Africa have demonstrated at least partial protection against developing confirmed influenza virus infection \[[@B175-pathogens-08-00265],[@B180-pathogens-08-00265]\]. Unfortunately, due to the lack of sufficient data for the benefit of developing such programs, the Global Alliance for Vaccines and Immunization has deprioritized maternal vaccinations against seasonal flu \[[@B244-pathogens-08-00265],[@B245-pathogens-08-00265],[@B246-pathogens-08-00265],[@B247-pathogens-08-00265]\] while the Global Influenza Initiative recommends that all pregnant women be vaccinated in their third trimester \[[@B225-pathogens-08-00265]\]. This lack of harmonization between guidelines highlights the additional work needed to develop evidence-based recommendations for programs in resource poor countries \[[@B248-pathogens-08-00265]\]. Regardless, by increasing vaccine uptake in low- and middle-income countries, not only will human health be improved, but the chances of virus spreading to an expanded geographical region are lessened. This will help to contain virus and likely decrease the chance of establishing a pandemic.

3. Discussion {#sec3-pathogens-08-00265}
=============

Influenza infection is a serious health concern, especially for pregnant women and young children. While influenza vaccines are generally considered to be safe, vaccine uptake remains suboptimal. Vaccination of pregnant women provides protection against influenza infection in both the expectant mother as well as the infant due to transplacental transfer of influenza-virus-specific IgG antibody. Additionally, breastfeeding provides antibodies (in particular IgA that is not passed through the placenta) and immunomodulatory factors to prevent and/or combat influenza infection. These factors are particularly important in the first six months of life, as active vaccination is not recommended for this age group. For infants born prematurely, complicating factors such as chronic lung disease increases the risk for developing severe illness after influenza infection. Despite having an immature immune system, vaccination is recommended on schedule in this population and has been shown to be protective. Furthermore, vaccination of these populations will help to guard against the development of ARDS, which is a major health concern following infection with influenza virus.

Influenza viruses undergoes continuous antigenic drift, which leads to lower than ideal vaccine efficacy in some seasons. Furthermore, antigenic shifts resulting in pandemic outbreaks is not uncommon, with 4 pandemics in the 21st century. Next generation influenza vaccines targeted against highly conserved regions of the influenza virus are being developed that may provide more universal protection against even potentially pandemic influenza strains. However, even if conventional vaccine strains of influenza are not well matched to circulating strains, reduced viral shedding and a shorter duration and severity of illness are often observed in the vaccinated population. Such information must be effectively disseminated to members of the public in order to improve vaccine uptake, as misconceptions about influenza vaccine adverse effects and effectiveness remains major obstacles to improving worldwide influenza vaccination rates.

4. Conclusions {#sec4-pathogens-08-00265}
==============

Influenza vaccination reduces the risk of influenza infection, severe disease, morbidity, and death. Despite this, the rate of influenza vaccination remains well below targets set forth by international and national health officials. While improving vaccination rates, especially among pregnant women and young children, is a high priority, additional large-scale studies would be of benefit to generate evidence-based recommendations in support of existing programs and to increase public confidence in current recommendations. In addition, development of more immunogenic and universally protective influenza vaccines will increase the breadth of protection provided while decreasing the frequency of vaccination required. Such efforts will be critical to increasing uptake of influenza vaccines and will improve the health of at-risk populations, such as children and pregnant women.
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![Diagram of the Orthomyxoviridae influenza virus. The virus consists of neuraminidase (NA), matrix protein 1 (M1), matrix 2 proton pump (M2), hemagglutinin (HA), polymerase acid subunits (PB1, PB2, PA), non-structural (NS1, NS2) and nucleoprotein (NP). Current vaccine strategies target the head regions of HA, which are highly variable between viral strains. Universal influenza vaccines target less-variable regions of the virus, such as the HA stalk, which will provide coverage for a range of influenza virus strains.](pathogens-08-00265-g001){#pathogens-08-00265-f001}

![Factors involved in defense against influenza virus infection, which can also contribute to lung damage and ARDS. Cells of the immune system (e.g., macrophages; T cells; B cells; neutrophils) and lung (e.g., alveolar epithelial type I AECI; alveolar epithelial type II AECII; ciliated cells; goblet cells) in addition to factors such as surfactants, mucins, and antimicrobial proteins, interact to protect the host from influenza virus. Direct cytopathic effects of influenza virus infection and excessive inflammation lead to damage of alveoli, which can compromise respiratory function.](pathogens-08-00265-g002){#pathogens-08-00265-f002}
